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Abstract This paper presents the application of optical
measurement techniques in dense-gas ﬂows in a heavy-
gas channel to determine planar two-component (2C)
velocity proﬁles and two-dimensional (2D) temperature
proﬁles. The experimental approach is rather new in this
area, and represents progress compared with the tradi-
tional techniques based on thermocouple measurements.
The dense-gas ﬂows are generated by the evaporation of
liquid nitrogen. The optical measurement of both the
velocity and density proﬁles is accomplished by the
implementation of particle image velocimetry (PIV) and
background-oriented schlieren (BOS) systems. Supple-
mental thermocouple measurements are used as inde-
pendent calibrations to derive temperatures from the
density data measured with the BOS system. The results
obtained with both systems are used to quantify the
dilution behavior of the propagating cloud through a
global entrainment parameter b. Its value agrees well
with the results obtained by earlier studies.
1 Introduction
The widespread storage and transport of liqueﬁed gases
like propane can result in the accidental release into the
environment of dense-gas clouds. Therefore, the
spreading and dilution behavior of dense gases is always
a major concern in current risk assessment studies. The
spreading behavior of gases strongly depends on
the density ratio of the gas to the ambient air. Due to the
low temperature of the accidentally released clouds,
their density is higher than the ambient value and their
propagation dynamics depends on gravity. However,
with a density suﬃciently close to the one of the ambient
air, the gas behaves passively, i.e., it moves with the
prevailing ﬂow conditions of the surrounding air. The
spreading and dilution behavior of these so-called hea-
vy-gas clouds is investigated here with particle image
velocimetry (PIV) (Raﬀel et al. 1998; Scarano 2002;
Willert and Gharib 1991). Additionally, measurements
are carried out with the background-oriented schlieren
(BOS) method (Dalziel et al. 2000; Meier 2002; Richard
and Raﬀel 2001), which are supplemented by separate
thermocouple reference measurements for the extraction
of 2D temperature data. The purpose of this study is to
assess the applicability of the present measurement
techniques in cryogenic gas clouds and to support the
modeling activities.
2 Experimental setup
The main experimental facility for this study is the
heavy-gas channel at the Institute of Fluid Dynamics,
ETH Zurich, Switzerland (Fig. 1). It was designed to
investigate the propagation of dense clouds, i.e., clouds
having densities larger than the ambient air. The density
of the released clouds can exceed that of the ambient air
by a factor of two, down to a factor close to one at the
end of the cloud. This higher density causes the propa-
gation along the ﬂoor of the channel. The current setup
is chosen to create cryogenic gas clouds through the
evaporation of liquid nitrogen under diﬀerent condi-
tions. The channel has a length of 12 m, is 1.2 meters
wide, and has a height of 1 m. It consists of three distinct
sections. The ﬁrst section is the release chamber. Here,
the liquid nitrogen is evaporated under controlled con-
ditions to produce clouds with varying properties. The
second section is, essentially, a horizontal surface. This
section can be used to investigate the ‘‘undisturbed’’
propagation of the heavy-gas cloud and is suited for the
installation of obstacles like fences or step-like features.
The third section is composed of a series of consecutive
steps that can be varied in height and length. This
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section can be compared to idealized topographic fea-
tures and provides additional acceleration of the ﬂow.
Currently, two diﬀerent release scenarios can be used
to generate cryogenic heavy-gas clouds with variable
properties. In the ﬁrst scenario, the evaporated liquid
nitrogen is suddenly released from the release chamber.
With the second scenario, it is possible to continuously
release a cryogenic gas cloud from a heated Dewar
container ﬁlled with liquid nitrogen. The additional
heating required in this case is provided by immersion
heaters.
Only the setup for continuous release will be dis-
cussed here. Studies based on the conﬁguration for
sudden release are documented e.g., by Jensen et al.
(2001) and Jensen (2003).
The continuous-release setup represents a generic
conﬁguration, allowing the extraction of well deﬁned
parameters of the ﬂow. An electrical heating system is
installed in a reservoir of liquid nitrogen large enough to
create steady-state measuring conditions for the experi-
ments. By varying the applied power, the amount of
evaporated nitrogen can be varied continuously.
The setup for computerized BOS is rather simple, as
shown in Fig. 2. For this technique, only few hardware
components are necessary. The setup consists mainly of
a structured background image (black-dot pattern on
transparent background) placed behind the phase ob-
ject, i.e., the heavy-gas channel, and a camera placed on
the opposite side. The camera used here has a
1,000·1,000-pixel resolution. The background image is
mounted in front of an electroluminescent sheet, which
is used as the light source. This arrangement creates a
very uniform illumination of the target pattern. To
eliminate eﬀects due to perspective distortions, the
camera was placed as far away from the channel as
possible. A telelens (focal length up to 200 mm) was
used to provide a suﬃcient resolution of the background
image. The two reference temperatures needed for the
calculation of the temperature ﬁeld from the index of
refraction in the whole ﬁeld of view (see Eq. 3) are
determined by thermocouple measurements. Probe rakes
with nine thermocouples each are placed at the left and
right edges of the ﬁeld of view of the camera. This
provides the necessary temperature measurements as
close as possible to the imaged area, but without
disturbing it. Additionally, the redundant thermocou-
ples can be used for veriﬁcation purposes.
The experimental setup for the planar two-compo-
nent (2C) velocity measurements is shown in Fig. 3. It
consists of the light-sheet optics, a double-cavity
Nd:YAG laser with a pair repetition rate of 15 Hz, and
a 10-bit digital camera with 984·1,008-pixel resolution.
The camera has a matching acquisition rate of 30 frames
per second. The whole optical system is placed on a
movable frame. In this way, the system can be posi-
tioned anywhere along the channel without changing the
relative positions of the optical components. It is pos-
sible to generate a light sheet with a thickness of 2 mm
and a width of 60 cm at its base while maintaining a high
light intensity inside. This allows for a good contrast in
the pictures captured with the CCD camera. The ﬁeld of
view normally observed with the camera is about 40-cm
high by 40-cm wide. The reason for this fairly large
window is the correlation of large structures related to
density variations in the ice–particle distribution. These
tracer particles are automatically generated during the
evaporation process of the liquid nitrogen.
3 Background-oriented schlieren measurements
The BOS technique (Meier 2002; Richard and Raﬀel
2001), which is similar to ‘‘synthetic’’ schlieren (Dalziel
et al. 2000), is used to measure the index of refraction of
the cryogenic gas cloud. In the present experiment, this
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technique provides the opportunity to deduce the 2D
temperature ﬁeld in a fairly straightforward manner.
The technique is based on the distortion of one image,
due to density changes, compared to an undistorted
reference image. This approach can best be compared
with laser speckle density photography, as described by
Køpf (1972) and Wernekink and Merzkirch (1987). The
processing of the images is shown in Fig. 4. First, an
image pair is observed with and without a phase object
placed between the background pattern and the camera,
as depicted in Fig. 5. The phase object can be, for
example, a heat source that changes the temperature
and, therefore, the density or a compressible ﬂow pat-
tern. Here, the cold heavy-gas cloud is responsible for
the density variations. A typical image pair of one such
measurement is shown in Fig. 6. The correlation of both
images results in a ﬁeld of displacement vectors [Dx(xi,
yi), Dy(xi, yi)]
T in the observed area (Jensen 2003):
Dx x; yð Þ ¼ 1
2
W W þ 2Bð Þ 1
n0
@n
@x
Dy x; yð Þ ¼ 1
2
W W þ 2Bð Þ 1
n0
@n
@y
ð1Þ
with the undisturbed index of refraction n0 and the index
of refraction n(x, y) of the phase object. The result is
based on the assumption of a 2D index of refraction ﬁeld
with variations only in the x and y directions. This vector
ﬁeld, as shown in Fig. 7, represents the gradient of
the index of refraction. Particularly large gradients can
be observed in the mixing region between the lower layers
of the cryogenic ﬂow and the ambient air. The refractive
index n(x, y) can then be calculated with diﬀerent tech-
niques. One way is to solve the Poisson equation Dn(x,
y)=q in discrete form. Another approach is to directly
solve for n(x, y) from the measured ﬁeld n(x, y) by using
a ﬁnite-diﬀerence approximation scheme of high order.
The latter scheme was used for the results presented here.
The calculated index of refraction n(x, y) can be inserted
into the Gladstone-Dale equation (Vasil’ev 1971) and, in
combination with the equation for perfect gases, gives
(for constant pressures):
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n ¼ 1þ const
T
) T ¼ const
n 1 ð2Þ
Because the solution for n is determined up to another
unknown (calibration) constant, Eq. 2 has to be modi-
ﬁed to:
T x; yð Þ ¼ 1
c1  n x; yð Þ þ c2 ð3Þ
with two unknown constants c1 and c2, determined by:
c1 ¼
1
Ta
 1
TW
na  nW
c2 ¼ 1TW  c1nW
ð4Þ
The subscripts a stands for ambient air conditions and
W for the conditions close to the wall. The refractive
indexes na and nW are taken as the values of the solution
n(x, y) at the locations where Ta and TW are known. The
temperature measurements are taken at the same time as
the corresponding images.
The measurements presented here are carried out
close to the ﬁrst backward-facing step (Fig. 1) because
of the best optical accessibility into the channel at this
position. In Fig. 8, the resulting temperatures calibrated
with the data from the thermocouple measurements are
shown. This temperature ﬁeld is averaged only over the
width of the channel. In fact, all the BOS results pre-
sented here are obtained from single image pairs only,
because the averaging of several correlation maps only
has a very small eﬀect on the quality of the data. The
expected increase of the temperature along the x and y
directions is clearly visible in Fig. 8, and even more
clearly in Fig. 9. Here, the temperature is shown at the
left and right edges of Fig. 8, together with the ther-
mocouple measurements. The agreement between both
methods is very good. This is more important for the
right edge of the image, since both thermocouples used
Fig. 6 Typical image pair of a
BOS measurement. The left
picture is the calibration image
without the cloud
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for the calibration are located on the left, upstream edge
of the image. Therefore, a good agreement between both
methods can be expected on the left hand side.
The results presented here are, as stated before,
averaged along the line-of-sight. This approach is best
used with 2D ﬂows. The correlation of measurements
from thermocouples placed 66 cm apart at the same
distance downstream from the source of the ﬂow show
correlation values of up to 0.8. This justiﬁes the validity
of the setup for the measurements presented in this
section.
4 Particle image velocimetry measurements
The optical velocity measurements are carried out
under the same experimental conditions as the BOS
measurements, albeit at diﬀerent positions due to better
optical access into the facility with the setup imple-
mented here. Two types of tracers for the ﬂow visuali-
zation are used for the diﬀerent regions of the ﬂow. The
lower layers of the ﬂow are naturally visible due to the
ice particles that are automatically generated during the
evaporation process of the liquid nitrogen. The upper
layers of the ﬂow are visualized by the introduction of
talcum powder into the facility where needed. A conse-
quence of the ice particle seeding is the very high number
density of the tracers in the ﬂow, so that only the
textures visible in the images can be correlated, as shown
in Fig. 10.
In Fig. 11, velocity proﬁles are shown for two posi-
tions in the channel. The proﬁles are computed by
averaging three consecutive experimental runs, each
generating 150 planar 2C velocity vector maps, i.e., ev-
ery data point is the average of 450 velocity vector maps.
The u velocity (in the x direction) has a nearly constant
value above the height of 0.2 m. The height of the
boundary between the dense-gas ﬂow and the ambient
air can be identiﬁed by temperature measurements.
According to Fig. 15, this boundary lies approximately
at 0.2 m, i.e., where room temperature prevails. The
most likely explanation for the non-vanishing u velocity
above this boundary is the movement of the talcum-
powder seeding itself, and not simply the entrainment
motion. Because the seeding is introduced into the ﬂow
upstream of the light sheet, its velocity has to be non-
zero and, therefore, an additional horizontal momentum
is observable in the velocity proﬁles. The measured
velocity proﬁles depend on the ﬂow conditions of the
ambient air and on the way the talcum powder is
introduced into the ﬂow. Variations in the velocity
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proﬁles between measurements conducted under similar
experimental conditions validate this assumption. The
same explanation holds true for the y component of the
velocity. The spraying process of the talcum powder is
clearly the dominant factor in this case, since a global v
velocity (in the y direction) should be very small in the
density-driven ﬂow. This assumption is supported by the
observation of v velocities being sometimes below and
sometimes well within the resolution of the PIV tech-
nique in this case. This variation observed under similar
experimental conditions can only be caused by the
manual introduction of the seeding and, because the
talcum powder is introduced into the facility approxi-
mately 1 m above the ﬂoor of the channel, it should have
a negative (downward-pointing) velocity in the chosen
frame of reference.
The behavior of the velocity and temperature at
diﬀerent distances from the source is shown in Figs. 13
and 14. These velocities and temperatures cover the
lower layer of the dense-gas ﬂow as shown in Fig. 10,
which constitutes the more important part of the cloud.
Each data point in Figs. 13 and 14 represents one
experiment conducted under the same release condi-
tions. The temperature of the cloud increases linearly
with growing distance from the source. This can be
explained easily by heat transfer from the ﬂoor and the
entrainment of ambient air into the cloud. The
behavior of the velocity as a function of distance from
the source is not as obvious as the behavior of the
temperature, although a small increase is indicated by
the data.
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5 Analysis
An objective of the present experiments was not only to
generate a better insight into the basic physics of a
dense-gas cloud, but also to extract and interpret the
relevant parameters supporting the modeling activities.
An important issue is the dilution behavior of a cryo-
genic dense-gas cloud, which can be described globally
by an entrainment parameter.
This parameter can be deduced from a mass and a
momentum balance, which are formulated for a generic
diﬀerential ‘‘control volume.’’ This element is deﬁned by
a box delimited by an inlet and outlet vertical plane at
two locations downstream of the release chamber and
the top surface of the cloud propagating between both
locations. The inlet and outlet planes are located at
x1=2.9 m and x2=5.25 m, i.e., Fig. 11 represents the
control volume. An expression for b is derived in detail
in Appendix 1. This expression is evaluated with the
experimental information available at both locations x1
and x2, as documented in Figs. 14 and 15, to obtain the
value b=0.0026. This value of the entrainment param-
eter obtained with the present experimental data, is close
to the range b=0.0028–0.0037 obtained by Ruﬀ et al.
(1988) for their experiments with cryogenic nitrogen. It
should be observed that Ruﬀ et al. (1988) used another
heavy-gas channel with diﬀerent release conditions and
they evaluated b by means of an energy balance.
The temperature measurements yield almost constant
temperatures over the height of the cloud, as docu-
mented by the temperature proﬁles in Fig. 15. The
homogeneous temperature distribution is an indication
for the intense mixing of the cloud and the dependence
of b on heat transfer eﬀects (Kunsch and Fanneløp
1995).
The deﬁnition of the entrainment parameter presented
so far is simple, and several references making use of b
are available for comparison and interpretation (Fan-
neløp 1994; Ruﬀ et al. 1988). In addition, risk assessment
studies, including heavy-gas dispersion in the chain of
events, call for simple tools allowing rapid estimates of
the propagation and dilution behavior. So, the shallow-
layer models for dense-gas clouds require parameters
accounting for the complex ﬂow phenomena governing
the frontal dynamics or the dilution behavior in a global
manner. Hence, even nowadays, there are still good
reasons for concentrating the information on the
entrainment and dilution behavior of the present exper-
iments in a single parameter. The easy way for extracting
the corresponding information, as demonstrated in the
present study, may be considered as an example. How-
ever, the optical methods presently used are suitable for a
more detailed insight into the structure of a dense-gas
cloud, e.g., regarding the frontal dynamics or the mixing
zone on top of the dense-gas layer.
6 Summary and conclusions
The main goal of this study was to investigate the
propagation of cryogenic dense-gas clouds with optical
methods. Therefore, a particle image velocimetry (PIV)
system and a background-oriented schlieren (BOS) sys-
tem were set up to determine the two important prop-
erties; velocity and temperature.
The velocities presented are computed from the ﬂow
images obtained using PIV. Due to the properties of the
‘‘natural’’ seeding used, only the textures in the images
can be correlated; no individual particles can be identi-
ﬁed. As a beneﬁt, this makes it possible to process
comparatively large ﬁelds of view. Averaged planar two-
component (2C) velocity proﬁles in a viewing area with a
size of 40·40 cm could be computed for diﬀerent posi-
tions in the facility.
The temperatures presented in 2D are measured with
the BOS system. With a correlation algorithm, the
apparent displacement of the image due to variations in
the refractive index can be calculated. An in-situ cali-
bration was performed based on discrete calibration
temperatures acquired with thermocouples.
The modeling activities could be furthered by using
the combined experimental results for velocity and
temperature to extract a global parameter that quantiﬁes
the dilution of the cryogenic gas cloud during its prop-
agation. An entrainment coeﬃcient b can be derived
from a mass balance and a horizontal momentum bal-
ance for a diﬀerential ‘‘control volume’’ in the heavy-gas
channel. The coeﬃcient is close to the values obtained in
similar studies conducted by Ruﬀ et al. (1988).
The results presented in this study show the general
feasibility to investigate the spreading of cryogenic
dense-gas clouds with optical methods. With the applied
techniques, the two important distributions of velocity
(planar 2C) and temperature (2D) of the propagating
clouds could be measured. A PIV system and a BOS
system were designed for this purpose. In the context of
optical velocity measurements, the simultaneous visual-
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ization of the cryogenic gas ﬂow and the ambient air was
realized successfully, due to the large ﬁeld of view em-
ployed. The velocimetry system and the schlieren system
both allow to derive two-dimensional data. Small-scale
structures in both the velocity and temperature, were,
however not accessible with the optical methods chosen.
Appendix A
Determination of the entrainment coeﬃcient
The dilution of the cloud is due to the entrainment of
ambient air into the cloud, which can be modeled by an
entrainment velocity proportional to the horizontal
velocity averaged over the height of the heavy-gas layer,
i.e.:
ve ¼ bu ð5Þ
A mass and a momentum balance are formulated for a
generic ‘‘diﬀerential element,’’ deﬁned by a box delim-
ited by an inlet and outlet vertical plane at two locations
downstream of the release chamber and the top surface
of the cloud propagating between both locations. Both
equations are used to deduce b. For modeling purposes,
the velocity u and the density q, which is actually de-
duced from the temperature Ta in the cloud, are aver-
aged over the height H of the cloud. The free
atmosphere is described by the ambient density qae and
the temperature Tae.
The mass balance for the ‘‘diﬀerential element’’ reads
as follows:
d _m
dx
¼ d
dx
qauHbð Þ ﬃ qaeveb ð6Þ
For continuity considerations, the properties (i.e., gas
constants and speciﬁc heats) of the entrained air and the
dense-gas cloud, consisting mostly of nitrogen, are as-
sumed to be the same, and the moisture content of the
cloud is neglected. In this case we obtain:
d
dx
Tae
Ta
Hu
 
ﬃ bu ð7Þ
The horizontal momentum balance for the diﬀerential
element reads (Rodi 1982) as:
d
dx
qHu2  1
2
g qae  qað ÞH2
 
¼ s ¼ cf 1
2
qau
2 ð8Þ
The LHS of Eqs. 7 and 8 are diﬀerentiated term by term
respectively, and dH/dx is eliminated from both equa-
tions. In this case, the entrainment coeﬃcient b can be
expressed as a function of the temperature and the
velocity gradients in the x direction, which can be ob-
tained experimentally with suﬃcient approximation, i.e.:
b ¼ Tae
Ta
H
c3
c1
1
u
du
dx
c2
c1
1
Ta
dTa
dx
 
 1
c1
1
2
cfu2
 
ð9Þ
with c1=u
2+gH (1Ta/Tae), c2=gH (Ta/Tae0.5), and
c3=c12u2. The last term on the RHS in Eq. 9 is related
to friction at the ground surface and its value can be up
to 30% of the value of the ﬁrst term. The friction factor
cf is derived from the local friction factor
c¢f=0.0592(Rex)1/5 for a ﬂat plate, which is averaged
over the distance between the inlet and the outlet of the
diﬀerential control volume. The value cf=0.0064 ob-
tained is close to the value cf=0.0060 suggested by
(Britter 1987) for dense-gas dispersion.
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